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Abstract
Groundwater and surface water contamination with nitrate 
and nitrite keeps increasing all around the world due to the 
excessive use of fertilizer. Without the proper treatment, these 
contaminants can induce the blue baby syndrome(methemoglo-
binemia) and cancer. Due to the harmful effect of these 
contaminants, the U.S. EPA has set the federal regulation on 
the maximum level of nitrate and nitrite in drinking water to be 
10	   −   ⁄ and 1	   −    ⁄ , respectively. Catalytic treatment 
is a promising technology that can sustainably reduce nitrate 
and nitrite to nitrogen gas using hydrogen as an electron donor. 
However, current research on the catalytic reduction has a 
limitation because of the production of ammonia as a by-
product. In this study, we have developed Hollow Carbon 
Sphere(HCS) supported Pd-based catalysts, which yields very 
low concentration of ammonia during nitrite reduction. To 
further investigate the physicochemical characteristics of the 
Pd and Pd-In/HCS catalyst, we have conducted various 
analysis such as morphology of catalyst, metal dispersion, 
II
crystalline structure, and chemical state of noble metals by 
using transmission electron microscopy, X-ray diffraction, and 
X-ray photoelectron spectroscopy. The role of the noble metal 
and HCS on the reaction pathway of reduction of nitrate to 
nitrogen over ammonia was further examined by evaluating the 
crystalline structure and chemical state of Pd and In bimetallic
catalysts. Findings from this study has a broader implication to 
improve the selectivity of catalysts and minimize the formation 
of undesired by-product during nitrate treatment.
Keyword : Nitrate and nitrite removal; Catalytic reduction; Pd-
In Catalyst; Groundwater; Ammonia
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 ) contamination which is commonly results 
from overuse of agricultural fertilizers, sewage discharges, and 
contaminant leachate from landfills. This contaminant is one of 
the common contaminant detected from groundwater and 
surface water.1 Nitrate contamination of drinking water is the 
greatest public health threats around the world.2 Drinking
nitrate contaminated water raises serious human health problem, 
such as blue baby syndrome(methemoglobinemia), cancer, and 
hypertension, since nitrate can be transformed into nitrite
(   
 ) and/or N-nitroso compounds.3–5 Because of these risks, 
the United States Environmental Protection Agency (USEPA) 
limits the maximum contaminant levels(MCL) of nitrate and 
nitrate to 10	   −    ⁄ and 1.0	   −   ⁄ , respectively.6
Several technologies are widely used to remove nitrate and 
２
nitrite in drinking water, including ion exhchange7,8, `reverse 
osmosis9, electrodialysis10, biological denitrification11,12. These 
technologies have demonstrated their effectiveness in large or 
small scale treatment.13,14 However, the principal drawback of 
ion exchange, reverse osmosis, electrodialysis is that these 
treatments produce concentrated nitrate and nitrite brine which 
must be further treated prior to disposal.15–20 Unlike the 
previous technologies, the biological denitrification process is 
being used more widely in the field of municipal and industrial 
wastewater. However, a risk of pathogen introduction and 
biological sludge generation have limited their application for 
drinking water treatment.15,16 More recently, catalytic reduction 
of nitrate and nitrite with noble metal based bimetallic catalyst 
has emerged as a promising technology not only because of the 
simple procedure of the catalysis but also because of the high 
selectivity to nitrogen gas(   ( ) ) over harmful ammonia
(   ).
19,20 Among various noble metal, palladium (Pd) has been 
reported as the most effective metal for rapid reduction of 
nitrate to nitrogen gas using hydrogen gas as a reducing agent 
３
when present with secondary promoter metal such as indium, 
copper, tin, and nickel.21–23 So far, studies on the catalytic role 
of Pd have shown that Pd alone cannot remove nitrate.1,17,24–28
Instead, promoter metal such as In and Cu is used to reduce 
nitrate to nitrite, and the reduced nitrite is transferred to 
adjacent Pd surface and is further reduced to nitrogen gas or 
ammonia using hydrogen dissociated from hydrogen gas at the 
surface of Pd.26,27,29 In particular, it is known that Pd and In 
bimetallic catalyst is capable of very high activity and selective 
reduction of nitrate to nitrogen.30–32
Mechanistically, nitrate is first reduced to nitrite on the 
surface of metallic In that oxidizes. In this process, fortunately, 
hydrogen adatoms adsorbed on Pd spillovers to In oxides that 
eventually reduces to metallic In. Thus, nitrate can be 
continuously reduced to nitrite only on the promoter metal, In.
The nitrite then transfers to neighboring Pd surface to be 
further reduced to nitrogen gas or ammonia using hydrogen 
adatoms. There are research results focusing on the metal 
loading, metal nanoparticle size, atomic configuration, type of 
promoter metal in the case of reduction rate and selectivity.33–36
４
As part of the Pd-based catalyst, I. Stolarov et al. found the 
unsupported heterobimetallic acetate-bridged complexes 
    (  −      )  
  (      ) 	(  =   ,   ,   ) efficiently 
catalyze partial alkyne hydrogenation in the liquid phase46 and N. 
Kozitsyna et al. developed a similar catalytic effect for the 
synthesis of Pd-based analogous 
    (  −      )  
  (      ) 	(  =   ,   ,   ) .
47  Recently, 
developing Pd-based heterobimetallic complex with group 13 
elements such as Ga, In, Tl has been attempted.48–50 Since 
Palladium(II)-Indium(II) acetate bridged complex consists of 
palladium and indium next to each other, this heterometallic 
catalyst was intended to made for rapid reduction of nitrate.
Up to now, a great effort has been devoted to the design 
and manufacture of nanostructured composites for potential 
applications in heterogeneous catalysts.37,38 Deposition of noble 
Figure 1 Schematic diagram of the catalytic nitrate reduction 
５
metal nanoparticles onto the surface of inorganic or polymeric 
microspheres has been paid particular attention due to its 
ability to prevent aggregation of noble metal nanoparticles 
which ensures the catalytic activity in heterogeneous 
catalysis.39 Especially hollow carbon spheres (HCSs) have been 
in focus of study by both academy and industry due to its 
unique structure and potential application in numerous field 
including catalysis as a support material, which enrich the 
already broad family of carbon materials. One of the obvious 
way to make HCSs with uniform structure is to carbonize core-
shell polymer particles.40 The main advantage of this method is 
that it can remove the polymer core and form a carbon shell 
concurrently without any additional core etching process. By 
controlling the decomposition temperature of the two polymers, 
in which the core polymer has a low decomposition temperature 
and the shell polymer has a high decomposition temperature, 
HCSs can be uniformly formed by removing the core polymer 
and carbonizing the shell polymer as carbon. Overall procedure 
to make HCS is shown in Figure 2.
There were several studies on selection of organic 
６
polymers for core and shell template. For core polymers, 
polystyrene (PS), polyethylene, polymethyl methacrylate, and 
for shell polymers, polyacrylonitrile, polydivinylbenzene, 
phenol-formaldehyde resin, poly furfuryl alcohol.40–43
Theoretically, there can be variety of combinations for these 
two kinds of polymers. Although there have been several 
attempts to carbonize different core-shell polymers such as 
PMMA/PAN40, PS/PAN41, PS/PF42, and PMMA/PDVB43, X. Y. Dai 
et al44 reported one-step carbonization of PS/PANi core-shell 
polymer spheres in a simple and effective way to form HCS 
within a good hollow spherical shape.
1.2 Objectives
Figure 2 Schematic illustration of the synthesizing HCSs
７
In this study, combined with Pd and In metal precursor and 
hollow carbon sphere, Pd-In bimetallic catalysts (Pd-In/HCS) 
were prepared by the incipient wetness impregnation method 
followed by the atmospheric phase reduction using hydrogen 
gas and then applied in the liquid phase catalytic reduction of 
nitrate and nitrite. Four different catalysts were synthesized 
and their catalytic activity and selectivity influenced by the 
catalyst, different calcination and reduction temperatures, and 
the metal precursor (metal salt as conventional method and 
Pd-In complex) are also discussed in detail with 
physicochemical characterizations by transmission electron 
microscopy(TEM), X-ray diffraction(XRD), and X-ray 
photoelectron spectroscopy(XPS). Therefore, the objectives of 
this study are to develop Pd and Pd-In catalysts supported on 
hollow carbon sphere(HCS), to investigate the physicochemical 
characteristics of the Pd and Pd-In/HCS catalyst, and to 




Chapter 2. Materials and Methods
2.1 Materials
All reagents used in this study were purchased from Alfa-
Aesar, Sigma Aldrich, and Korea Special Gas. The chemicals 
were used without further purification unless otherwise stated, 
and listed as below;
- Alfa Aesar :
Styrene (St, extra pure, 99%),   (   )  (99.99%), diethyl 
ether (99+%), D(+)-glucose, citric acid monohydrate, 
trisodium citrate dihydrate,
- Sigma Aldrich :
azobisisobutyronitrile (AIBN, 12wt% in acetone), 
poly(vinylpyrrolidine) (PVP, K-30), Isopropanol (70% in    ), 
ammonium persulfate (ACS reagent, 98+%), aniline ( ≥
９
99.5%),   (   )  ∙ 2    ,   (   )  ,   (   )  ∙      , sodium 
dodecyl sulfate, methanol (99.99%), ethanol (95%), palladium 
nitrate dihydrate (Pd(   )  ∙ 2   ) , indium nitrate hydrate 
(In(   )  ∙     ).
- Korean Special Gas :
H2 gas(99.999%), N2 gas(99.999%)
Distilled water (DIW) was treated by N2 bubbling for 30 
min before use. The simulated nitrate and nitrite stock solution 
was prepared by dissolving certain amount of       or      
in DIW to set 15 mM which would be injected into the reactor 




2.2.1.1 Synthesis of polystyrene (PS) 
microspheres
Poly(N-vinylpyrrolidone) (PVP)-stabilized polystyrene-
(PS) microspheres were synthesized without any surface 
pretreatments according to the previously reported method by 
Armes et al45. Azobisisobutyro-nitrile (AIBN) was distilled 
under vacuum and recrystallized before being used. 2.8 g of 
PVP dissolved in 160 mL of isopropanol was added to 250 mL 
of three-neck round bottom flask. The solution was then 
heated up to 70℃ and simultaneously bubbled with   ( ) for 
the purpose of removing any dissolved oxygen which is an 
inhibitor for the synthesis under stirring at 500 rpm. 0.2 g of 
AIBN predissolved in 23 mL of styrene was then injected to the 
１１
reactor under vigorous stirring at 900 rpm to initiate the 
polymerization. After 24 hours of reaction, the reactor was 
cooled down to room temperature, The PS particles were 
separated with solution by 3 cycles of 
centrifuge(13500g)/wash/redisperse in DIW and dried in 65℃
oven overnight.
2.2.1.2 Preparation of Polystyrene/Polyaniline
(Ps/PANi) core-shell polymer and HCS
Above dried PS particles (5 g) were dispersed in 500 mL 
of DIW and maintain at 0 ℃ under stirring (500 rpm). 
Subsequently, 3 mL of aniline was dissolved in 66 mL of HCl 
(2M) and 7.5 g of ammonium persulfate was dissolved in 30 mL 
of DIW. Aniline solution and ammonium persulfate solution was 
then cooled down to 0℃. Aniline solution was then added to the 
PS dispersed solution with stirring at 0℃ for at least 5 hours 
followed by slowly dropping ammonium persulfate solution into 
the above mixture for 18 hours to initiate polymerization. 
１２
Obtained PS/PANi core-shell product in the solution was then 
settled down and the supernatant was substituted with DIW by 
3 cycles, then removed the supernatant as much as possible.
Remaining solution was then delivered to the 65℃ oven and 
dried overnight. Dried PS/PANi core-shell particles was 
drenched with methanol and let it dried with a little manual 
stirring not to aggregate themselves. The obtained PS/PANi 
core-shell particles was put into a tubular furnace. Firstly, 
heated up to 450℃ at a rate of 1℃    ⁄ and held for 30 min to 
completely eliminate PS core, and then immediately heated up 
to 800℃ at a rate of 2℃    ⁄ and held for 180 min to change 
PANi shells into carbon shells.
2.2.2 Metal Precursor
2.2.2.1 Pd-In Acetate Bridged Complex
(Pd-In Complex)
１３
224 mg of palladium acetate (1 mmol based on Pd) and 292 
mg of indium acetate (1mmol based on In) was mixed in 7 mL 
of glacial acetic acid under reflux and stirring (450 rpm) at 
80℃. When the solution forms a clear yellow-orange solution, 
cool down to room temperature. A yellowish orange fine-
crystalline was filtered off with diethyl ether and dried in a 
desiccator over silicagel.
2.2.2.2 Pd & In solutions
Aqueous solutions of corresponding metal precursor salts
are prepared by dissolving palladium nitrate dihydrate 
(Pd(   )  ∙ 2   ) and indium nitrate hydrate (In(   )  ∙     )
into DIW without any further purification. 
１４
2.2.3 Catalysts Preparation
The Pd and Pd-In catalyst supported by HCS was prepared 
by the incipient wetness impregnation method. The metal 
loading on the support was 5wt% palladium and 2wt% indium 
from aqueous solutions of corresponding metal precursor salts, 
palladium nitrate dihydrate (Pd(   )  ∙ 2   ) and indium nitrate 
hydrate (In(   )  ∙     ) . Also, 5wt% palladium and 5wt% 
indium were deposited onto the support by the incipient 
wetness impregnation method using Pd-In complex solution 
(the mixture of DIW and acetic acid, DIW : acetic acid = 1:3).
After impregnation, the samples were calcined under nitrogen 
flow for 30 min and reduced under hydrogen flow for 2 h. 
Depending on the metal precursor used, different temperatures 
were selected for calcination and reduction. Using metal salt as
precursor, Pd(5wt%)/HCS and Pd(5wt%)-In(2wt%)/HCS were 
calcined under nitrogen flow for 30 min at 120℃ and reduced 
under hydrogen flow for 2 h at 450℃. Another Pd(5wt%)-
In(2wt%)/HCS were calcined under nitrogen flow for 4 h at 
１５
550℃ and reduced under hydrogen flow for 2 h at 450℃. Using 
metal complex as precursor, Pd(5wt%)-In(5wt%)/HCS were 
calcined under nitrogen flow for 30 min at 120℃ and reduced 
under hydrogen flow for 2 h at 120℃. Additionally, Pd(5wt%)-
In(5wt%)/HCS was calcined under nitrogen flow for 4 h at 
550℃ and reduced under hydrogen flow for 2 h at 450℃. All 
catalysts above are listed in Table 1. Numeric subscript 
denotes the metal loading and the subscripts in parentheses 
mean metal precursors (S : metal salt, C : Pd-In complex). For 
convenience, the numeric subscripts will be omitted from the 
name of each catalyst. The subscripts next to HCS in all 
catalysts will be used for indication of the reduction 
temperature.
１６






   ( )    ⁄ 120 450
    −    ( )    ⁄
120 120
550 450
    −    ( )    ⁄
120 120
550 450
2.2.4 Catalytic Reduction Experiments
The reduction of nitrate and nitrite was carried out in a 
semi open batch system under continuous   ( ) sparging 
(1   , 200	       ) at constant temperature of 25℃. In a 250 
mL of three-neck round bottom flask, 140 mL of buffer 
solution and predetermined mass of catalyst (0.03 g) was filled. 
The suspended solution was then sonicated for 10 min and 
  ( ) was sparged for 30 min before introducing 10 mL of 
nitrate or nitrite  stock solution (15mM as    
  or    
 ) to 
initiate the catalytic reduction of nitrate or nitrite. Reaction 
was monitored by periodic sampling (1 mL) from the reactor
１７
that are immediately filtered by 0.22	μm polyethersulfone 
syringe filter to remove catalyst particles. The reaction was 
carried out by mixing with a Teflon-coated magnetic stir bar 
at 850 rpm. pH was maintained by 10 mM of pH 5 citric-
citrate buffer solution. General operation condition of catalytic 
nitrate and nitrite reduction are summarized in Table 2.
Table 2 Operating conditions of catalytic reduction
Initial    
  or    
  concentration (mM) 1
Catalyst concentration (   ⁄ ) 0.2
Hydrogen gas flow rate (      ⁄ ) 200
pH 5
Reaction Temparature (℃) 25
Operating Pressure (bar) 1
１８
2.2.5 Determination of catalytic activity and 
selectivity
The catalytic activity for the reduction experiment of 
nitrate and nitrite was determined by the observed reaction 
rate constant assuming pseudo first-order dependence on 





where       and t is the concentration of nitrate or nitrite and
time, respectively. The measured rate constants were 
calculated as Pd mass normalized pseudo-first-order rate 
constant for substantive comparison of catalytic activity,      
(with units of  	     	   
  ).
Previous studies have shown that a large amount of 
intermediate products,   ( ) and    ( ) , are produced during 
nitrate and nitrite reduction.30,31,51 Although some portions of 
   ( ) is formed as a transient intermediate in the reduction of 
nitrate and nitrite by Pd-based catalysts in the headspace, it 
１９
has been reported that   ( ) is not detected during the 
reduction of nitrate and nitrite.51,52 Therefore, the selectivity to 
  ( ) (   ),    
  (     ), and    
  (     ) are calculated as 
follows:













where,    , C ,       , and     
  is initial nitrate or nitrite 
concentration, concentration after reaction, concentration of 
ammonia, and concentration of nitrite, respectively.
2.2.6 Catalytic Characterization
The catalysts were characterized by high resolution-
transmission electron microscope (HR-TEM), transmission 
electron microscope II (ccd camera type), powder X-ray 
diffractometer (XRD), X-ray photoelectron spectroscopy
(XPS), inductively coupled plasma – optical emission 
２０
spectrometry (ICP-OES), and inductively coupled plasma –
mass spectrometry (ICP-MS). HR-TEM and TEM II was 
carried out on a JEM-3010 and JEM-2100, respectively.
Samples for the analysis were dispersed in ethanol, sonicated, 
and deposited on a lacey formvar film stabilized with carbon
grid. XRD spectra of catalysts were recorded in the range 
between 2θ = 3− 90° by RigakuD/teX Ultra 250. XPS analysis 
was performed by Kratos AXIS-His with Mg/Al anode material. 
Metals deposited on the support material was analyzed with
ICP-OES.
２１
Chapter 3. Results and Discussion
3.1 Catalysts Characterization
3.1.1 TEM results
The TEM image of synthesized core polymer PS and core-
shell polymer Ps/PANi is shown in Figure 3. Figure 3A and B 
represents the PS latex beads and Figure 3C and D represents 
the synthesized PS/PANi particles. The PS particle was found 
to have a uniform size distribution with an average diameter of 
854 nm and had a smooth surface. PS particles were then 
coated with aniline monomers with assistance of ammonium 
persulfate to form core-shell polymer particle. As can be seen 
in TEM image of Figure 3C and D, it is clear that PS particle 
was coated with aniline polymer to form a shell outside of PS 
particle.
Figure 4 represents TEM images of the as obtained HCS 
２２
after carbonizing PS/PANi core-shell polymer. Figure 4A and B 
shows the overall morphology of HCS. After carbonization of 
PS/PANi, HCS was confirmed to have well-defined hollow 
structure since it can be easily seen to have different contrasts
at outer part of HCS (darker shade) and inner part of HCS 
(whiter shade). Although hollow structure of HCS was clearly 
confirmed, aggregation of mono-dispersed HCS is also shown. 
This is probably due to the possibility that the aniline polymers 
are clustered in the process of polymerizing on the PS surface 
or, in the process of making PS, not all spheres are created 
independently, but are made up of one another. In the closer 
examination on these HCSs in Figure 4C and D, the HCS 
carbonized from PS / PANi had a rugged surface while the PS 
surface was smooth. This is probably due to the uneven 
adhesion of polymerized aniline on the PS surface. The average 
size of HCS was measured to be 895 nm with a carbon shell 
thickness of 90 nm and its distribution is shown in Figure 5A 
and B.
For catalytic reduction of nitrate and nitrite, Pd and In were 
deposited onto the support material, HCS. From Figure 6 to 
２３
Figure 10, TEM images of   ( )    (   )⁄ ,    −   ( )    (   )⁄ ,
   −   ( )    (   )⁄ ,    −   ( )    (   )⁄ , and    −   ( )    (   )⁄
are shown in order. Figure 6A and B is a TEM image of 
  ( )    (   )⁄ catalyst, and metal particles are very uniformly 
distributed on the surface. Most of the particles were in the 
range between 3 – 6 nm, and the average was 4.6 nm. 
   −   ( )    (   )⁄ and    −   ( )    (   )⁄ catalyst is shown in 
each Figure 7 and 8. It can be confirmed that the distribution of 
the metal is fine. However, the aggregation of metals was found 
in the latter catalyst in which the reducing temperature was 
increased. As it can be reconfirmed in the histogram from 
Figure 7 and 8, the increase in the particle size of the metal 
was resulted from the increase in reducing temperature. These 
results are in good agreement with those reported earlier.53–55
For heterometallic Pd-In acetate bridged complex as noble 
metal precursor, TEM analysis was conducted to investigate 
the morphological characteristics of    −   ( )    (   )⁄ and 
   −   ( )    (   )⁄ catalysts. It should be noted that the catalyst 
( 	   −   ( )    (   )	⁄ ) reduced at 450℃ showed much higher 
２４
wide distribution of metal nanoparticles on the surface of the 
HCS as shown in Figure 10A and B rather than the catalyst 
(   −   ( )    (   )⁄ ) reduced at 120℃ as shown in Figure 9 
where the metal nanoparticles were aggregated along 
themselves or even did not deposited. Most of the particles 
from    −   ( )    (   )⁄ catalyst were in the range between 6 –
10 nm, and the average diameter was 7.3 nm. These values are 
slightly higher than the catalyst made by the metal precursors 
as described earlier and are ascribe to the fact that the Pd and 
In metals are alloyed.
２５








Figure 5 Size distribution histogram of HCS (A) and carbon shell 
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In order to determine crystalline structure of the catalysts, 
XRD characterization was carried out and the results were 
shown in Figure 11. The peaks at 40°, 46.7°, and 68° are 
characteristics of Pd(111), Pd(200), and Pd(220). At 
  ( )    (   )⁄ catalyst (Figure 11A), the observed 
characteristic of Pd was obviously presented. However, the In 
peaks were not observed at    −   ( )    (   )⁄ (Figure 11B) 
which could be explained by that none of In is metallized while 
preparing it or due to its relatively small amount of In used or 
lack of isolated indium nanoparticles on the surface of the 
support material. While Indium metal was not detected in the 
   −   ( )    (   )⁄ catalyst, it was detected in the 
   −   ( )    (   )⁄ catalyst in the form of alloy together with 
palladium. The peaks at 39.2°, 44.4°, 64.8°, and 78.5° are 
characteristics of InPd  (111), InPd  (200), InPd  (220), and 
InPd (311), respectively. One of the possible explanation for 
this phenomenon is that the melting point of indium is 156.6℃
３６
and the alloy was formed with Pd under the condition of 
reducing at 450℃ (Figure 11C). Unlike the metal salts used for 
the precursor, calcination and reducing temperature under 
120℃ seems not sufficient enough for the removal of the 
acetate bonding between metals. However, when calcination and 
reducing temperature is raised up to 450℃, all of the remaining 
acetate is removed and pure InPd alloy is formed as shown in 
Figure 11D and E.
３７
Figure 11 XRD patterns of   ( )    (   )⁄ (A),   −   ( )    (   )⁄ (B), 
  −   ( )    (   )⁄ (C),   −   ( )    (   )⁄ (D),   −   ( )    (   )⁄ (E)















XPS was used to identify the valence of metals on the 
catalysts surface and the results are shown in Figure 12. The 
pair of peaks at 335.1 and 340.6eV is the characteristic of Pd(0) 
which is in accordance with previous studies. However, the 
peaks in the other catalysts except the catalyst shown in Figure 
12C did not coincide with the above values, which is mainly 
shifted to the right. These peaks shifted to the right, thus, may 
be the Pd oxide. Similarly with Pd, XPS results on In metal 
were shown in Figure 13. The pair of peaks at 443.9 and 
451.4eV represents the characteristic of In(0). Unlike the XPS 
result from Pd, In related peaks were not shown in all catalysts. 
This result suggests that all of the In that is deposited on the 
support is not in metallic state. Although the catalysts were 
treated in high temperature to reduce the metal, it is readily 
oxidized at the moment of contact with air. A very small size of 
metal may have affected these results as well.
４０
3.1.4 ICP-OES Results
ICP-OES analysis was carried out to confirm the exact 
content of metals in each catalyst. The results for each catalyst 
are summarized in the fugure 14.   ( )    (   )⁄ , 
   −   ( )    (   )⁄ ,    −   ( )    (   )⁄ ,    −   ( )    (   )⁄ , and 
   −   ( )    (   )⁄ catalysts were loaded with 91.5, 87.7, 75.2, 
76, and 103.1% of the desired Pd content, and, 0, 90.9, 64.7, 
107.6, and 103.8% of the desired In content, respectively. As 
shown in the ICP analysis results, the contents of Pd and In at 
   −   ( )    (   )⁄ and    −   ( )    (   )⁄ catalyst are 1 : 1 
since Pd-In complex has a unique structure of Pd and In which 
are connected to each other by acetate.
４１
Figure 12 XPS spectrum of Pd for    −   ( )    (   )⁄ (A), 
  −   ( )    (   )⁄ (B),   −   ( )    (   )⁄ (C), 
  −   ( )    (   )⁄ (D) ,   ( )    (   )⁄ (E) catalysts before









Figure 13 XPS spectrum of In for   −   ( )    (   )⁄ (A), 
  −   ( )    (   )⁄ (B),   −   ( )    (   )⁄ (C), 
  −   ( )    (   )⁄ (D) catalysts before the reaction. 443.9 and 


















Figure 14 ICP-OES result of actual Pd and In content deposited on the HCS surface
４４
3.2 Adsorptive Removal of Nitrate & Nitrite
To investigate the ability of HCS support, adsorption of 
nitrate and nitrite was investigated for the first time in this 
study. The initial concentration of nitrate and nitrite was set to 
1 mM and detection of anions were performed after introducing 
15 mM stock solution of       and       by sampling out 1 
mL of aqueous solution every 30, 60, 120, and 180 minutes. 
Only small amount of both nitrate and nitrite was decreased. 
This meant that the adsorption of each anions rarely occurs in 
the citric-citrate buffer solution. Therefore, the adsorption 
removal of nitrate and nitrite was not considered in the 
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- General Conditions -
Initial   2  3
− Concentration : 1mM
Support Loading : 0.2 g/L
 2 flow rate : 200       ⁄
pH : 5.0
Temp : 25℃
Figure 15 Nitrate and nitrite adsorption capability of HCS under citric-citrate buffer 
solution and hydrogen gas
４６
４７
3.3 Catalytic Removal of Nitrite
Although the founding from XPS result as described earlier 
that the charge of Pd was not zero state except 
Pd − In( )    (   )⁄ catalyst, all catalysts prepared in this study 
were active against nitrite reduction. Previous studies have 
shown that Pd should be in metallic state to reduce nitrite to 
nitrogen gas or ammonium before use. However, in the other
previous studies56, it was confirmed that   ( ) pretreatment at 
25℃ reduces         ⁄ by reducing crystalline Ru oxide, in 
which the surface is oxidized upon the exposure to air, to 
metallic Ru from    −     analysis. Similar    −     result 
was also appeared in the other study of         ⁄ catalyst.
57 In 
this study, the Pd was not zero state as in the result of XPS, 
however it is expected to change to metallic Pd when   ( )
treatment is performed at room temperature for 30 min before 
use to reduce nitrite due to the redox-labile form of Pd.
Results from catalytic removal of nitrite are shown in 
Figure 14. Pd deposited alone on the HCS support 
４８
( Pd( )    (   )⁄ ) showed highest nitrite reduction along with 
neligible formation of ammonia (<1%). However, the rate of 
nitrite removal and the selectivity to ammonia became different 
when In was introduced. Comparing Pd( )    (   )⁄ with 
Pd − In( )    (   ,   )⁄ and Pd − In( )    (   ,   )⁄ , the latter two 
catalysts showed more than 2/3 of catalytic activity reduction 
and almost 25 times higher ammonia selectivity. What was 
unique was that nitrite removal rates did not differ significantly 
depending on which the metal precursor was used. On the other 
hand, there was a difference in the rate of nitrite reduction 
depending on the reduction temperature of the catalysts. The 
higher the temperature of the reduction of catalyst, the higher 
the reduction rate of nitrite. These results are due to the 
reduction state of Pd and distribution of Pd metal since nitrite 
removal occurs only on the Pd metal. The reason why the 
reduction of nitrite is slowed could be explained by the 
existence of In which blocks the active Pd metal sites.
If the amount of In is higher, it should block the active site 
of Pd metal as described earlier. The nitrite removal rate, 
４９
therefore, should be slower than the catalyst that has lower
amount of In. The result of nitrite reduction from 
Pd − In( )    (   ,   )⁄ catalyst showed slightly different ammonia 
yield result. Although there were higher amount of In in 
Pd − In( )    (   ,   )⁄ , ammonia formation was almost same or 
lower than in Pd − In( )    (   ,   )⁄ . This could be attributed to 




















Figure 16 Catalytic reduction of nitrite
- General Conditions -
Initial   2
− Concentration : 1mM
Support Loading : 0.2 g/L















































































































































































Figure 18 Catalytic nitrite reduction kinetics
５３
3.4 Catalytic Removal of Nitrate
Figure 17 shows the catalytic reduction of nitrate by 
Pd − In( )    (   )⁄ , Pd − In( )    (   )⁄ , Pd − In( )    (   )⁄ , and 
Pd − In( )    (   )⁄ . It was confirmed that there was no metallic 
Pd and In phases on the catalysts surface via XPS 
analysis(Figure 12), except the zero state of Pd metal from 
Pd − In( )    (   )⁄ . Although the results from XPS showed that 
In was not metallic In, about 93% of the nitrate was removed 
from    −   ( ) /   (   ) catalyst and the kinetic was highest 
among the catalysts tested for nitrate removal in this study. 
From section 3.2, it was evidenced that adsorptive removal of 
nitrate does not occurs. Thus, it can be concluded that nitrate 
was reduced by the catalyst reaction using hydrogen as an
electron donor. Except    −   ( ) /   (   ) catalyst, all other 
catalysts showed very low or negligible amount of nitrate was 
removed. Although we could not observed the reduction results 
over a long period of time for    −   ( )/   (   ) and    −   ( )/
   (   ) catalyst,    −   ( )/   (   ) catalyst showed very high 
５４
nitrate reduction among the catalysts, from the results of 
nitrate reduction up to 360 min, it is believed that the reduction 
temperature of catalyst contributed to the ammonia formation in 
both using Pd-In salt and Pd-In complex as metal precursor
shown in Figure 20. In addition, it can be concluded that 
ammonia generation was lower when the Pd-In Complex 
material was used regardless of the reduction temperature of 
the catalyst. This seems to be the result of the many In atoms 
located adjacent to the Pd.
From the result of TEM images which showed very uniform 
size and wide distribution of metal nanoparticles and nitrate 
reduction experiment which generated less amount of ammonia 
when Pd-In complex is used as the metal precursor, it is highly 
expected to obtain improved nitrate removal and low production 
of ammonia as by-product if we can reliably make metal 
oxidation state to zero.
５５
Time, min














Figure 19 Catalytic reduction of nitrate
- General Conditions -
Initial   3
− Concentration : 1mM
Support Loading : 0.2 g/L











































































































































































































Figure 22 By-product selectivity of nitrate reduction by different 
catalysts at 360 min
５９
Chapter 4. Conclusion
Pd-In bimetallic catalyst was synthesized using hollow 
carbon sphere to reduce nitrate and nitrite to nitrogen gas. 
TEM images showed that HCS was formed well through 
carbonization of PS/PANi core-shell polymer and confirmed the 
very high distribution of Pd and In nanoparticles on HCS 
surface under the proposed catalyst preparation condition. XRD 
analysis confirmed that crystalline structure of Pd was 
observed from   ( )/   (   ) catalyst and crystalline structure 
of        from    −   ( ) /   (   ) catalyst. Besides, reduction 
temperature of 450℃ is required to obtain high quality of 
Pd − In/HCS catalyst when Pd-In Complex is used for the metal 
precursor.   ( )/   (   ) catalyst showed fastest removal (< 15 
min) in nitrite reduction than in any other Pd catalysts, however 
the presence of In in nitrite removal seemed to affect the 
ammonia formation rather than Pd catalysts. Our results 
showed that nitrate and nitrite can be reduced even when Pd 
and In are not in metallic state. Pd and In leaching was not 
６０
detected during two reaction cycles. The reaction mechanism of 
catalytic nitrate reduction by Pd-In/HCS verified by nitrate and 
nitrite reduction experiments can be explained by two-steps;
(1) reduction of nitrate to nitrite coupled with oxidation of In
(2) nitrite is subsequently reduced to nitrogen gas or 
ammonium by hydrogen molecules adsorbed on the adjacent 
active sites of Pd.
６１
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Abstract in Korean
과도한 비료 사용으로 인해 질산염과 아질산염에 대한 지하수
및 지표수의 오염이 지속적으로 증가하고 있다. 이런 오염물질을
적절히 제거하거나 처리하지 않는다면 신생아청색증 (methemo-
globinemia)나 암을 유발할 수 있다. 질산염과 아질산염의 이러한
유해성으로 인해 U.S.EPA에서는 질산염과 아질산염의 최대 농도를
각각 10	mg − N/L 및 1	mg − N/L로 규제하고 있다. 촉매적 처리는
수소를 전자 공여체로 사용하여 질산염과 아질산염을 질소가스로
지속적으로 환원시킬 수 있어 유망한 기술로 떠오르고 있다. 하지만
지금까지의 질산염과 아질산염에 대한 촉매적 제거 연구는 부산물
중 하나인 암모니아의 발생으로 인해 한계가 있다. 본연구에서는
이러한 한계점을 극복하기 위해 Pd 기반 촉매를 hollow carbon 
sphere (HCS)에 담지한 Pd 및 Pd-In/HCS 촉매를 개발하였다. 
본 촉매를 이용하여 아질산염을 환원하는 동안 매우 낮은
암모니아가 발생하는 것을 확인하였으며 (초기 아질산염 농도의 1% 
이하), 아질산염 환원 또한 타 촉매에 비해 매우 높은 활성을
가지는 것을 확인하였다. 또한 질산염을 환원하는 실험을
진행하였으며 본 촉매의 물리적 화학적 특성을 파악하기 위해 투과
전자 현미경 (TEM), X선 회절 (XRD), X선 광전자분광 (XPS)을
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이용하여 촉매의 형태, 금속의 분산 정도, 결정구조, 금속의 화학적
산화상태를 분석하였다. 질산염과 아질산염이 질소가스나
암모니아로 환원되는 반응경로에서 귀금속과 HCS의 역할에 대해
귀금속의 결정구조와 산화상태, 질산염과 아질산염에 대한 HCS의
흡착 가능성을 평가함으로써 조사하였다. 본 연구의 결과는
질산염과 아질산염을 처리하는 동안 Pd-In/HCS 촉매의 선택성과
반응성을 향상시키기 위한 광범위한 의미와 적용 가능성을 갖는다.
